Introduction
Classical Hodgkin lymphoma (HL) is a malignancy of the lymph nodes and lymphatic system that is characterized by the presence of large abnormal lymphocytes (HodgkinReed-Sternberg [HRS] cells), 1 with a reportedly low incidence rate of 0.5% of all new cancer cases in the US in 2017.
2 While many patients are cured of HL after frontline therapy (FLT), ~10%-30% of HL patients experience treatment failure depending on stage.
2, 3 There are three general National Comprehensive Cancer Network (NCCN) recommended frontline regimens for HL that vary based on stage and prognosis, which have been standard for several years: 1) ABVD (doxorubicin, bleomycin, vinblastine, and dacarbazine) for two cycles followed by interim restaging by positron emission tomography (PET) scan and continuation with ABVD or de-escalation to AVD (doxorubicin, vinblastine, and dacarbazine) depending on PET scan result; 2) Stanford V (doxorubicin, vinblastine, mechlorethamine, etoposide, vincristine, and bleomycin); and 3) BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, and procarbazine). 4 In the US, ABVD has been the standard of care for patients with advanced classical HL for over 40 years. 3 Recently, a new standard FLT was added to the NCCN guidelines for advanced stage HL, which is a modified version of ABVD (A+AVD) that consists of Adcetris (brentuximab vedotin [BV] ) and AVD. 4 BV was recently approved for FLT of advanced HL by the US Food and Drug Administration (FDA) based on the promising results of the ECHELON-1 clinical trial, which showed marked improvement in survival, risk of disease progression and need of a second therapy compared to the standard ABVD regimen. 4, 5 Common side effects of FLT are chemotherapy-induced nausea/vomiting, thrombocytopenia, neutropenia, and anemia. 6 Patients with a bleomycin containing regimen (all three standard regimens noted earlier) are also at an increased risk of pulmonary toxicity, which can include cough and dyspnea, and lead to potential discontinuation of bleomycin with lingering effects up to a year after discontinuation. 7 The RATHL trial attempted to improve the toxicity profile of ABVD in stages II, III, and IV HL by removing bleomycin from the regimen after two cycles in patients with a negative interim PET/computed tomography (CT) scan. The trial observed a reduction in grades 3 or 4 pulmonary toxicity associated with bleomycin omission but failed to improve on the established progression-free survival rate with ABVD. 8 The practice of an intermediate PET scan after cycle 2 has been adopted as an NCCN guideline recommendation despite the trial not meeting its prespecified non-inferiority threshold. 4 In addition to the side effects of chemotherapy, HL patients also experience distress (fatigue, pain, worry, etc.) during and after treatment. 9 Although distress is significantly higher during treatment, it is still prevalent among those surviving ≥5 years and should be followed in these patients' post treatment end. These results highlight the need of longer term screening for distress and use of supportive care to achieve long-term remission without further chemotherapy treatment. 9 Best supportive care used to manage side effects and distress both during and following treatment includes antiemetics, granulocyte colony-stimulating factors (G-CSFs), antibiotics, immunoglobulin replacement therapy, and transfusions. 6 G-CSFs are the recommended treatment for neutropenia and patients at risk for febrile neutropenia (FN; lymphoma patients treated with chemotherapy or after stem cell transplant [SCT]). 10 G-CSFs are given as primary prophylaxis during the first cycle in high-risk patients (those on dose dense regimens or other patient/treatment factors indicating high risk), as secondary prophylaxis in patients with a previous indication of FN, or when a delay or dose reduction in chemotherapy treatment would compromise survival or other treatment outcome. 10 The substantial economic burden of HL is a factor in determining treatment options and is highlighted in MarketScan studies by Hansen et al and Szabo et al. An initial study by Hansen et al reported unadjusted cost of relapsed HL patients of $401,529 compared to $89,709 in non-relapsed HL patients over a 5-year period. 11 Relapsed patients incurred an additional $269,427 over 5 years compared to non-relapsed patients adjusting for baseline demographics of age, gender, region, and Charlson Comorbidity Index. 11 The first study by Szabo et al identified prevalent HL patients with an SCT as second-line therapy and reported a median monthly cost of $16,700 during FLT, $38,500 during second line, and $57,800 during third line in HL patients with an SCT that was not followed by BV (naive) therapy. 12 The follow-up Szabo et al 13 study further described the cost of BV therapy in prevalent HL patients and reported that HL patients incurred a monthly median cost of $24,620 during BV treatment. HL is a costly disease, particularly during treatment for relapsed or refractory disease, but little real-world evidence exists describing the costs of supportive care and health care resource utilization (HRU) during FLT as compared with patients with HL who fail FLT for health care providers to understand the potential value of adding novel agents to frontline treatment. This study aimed to expand the literature on the economic burden of HL by describing cost of failure within the context of health care utilization, supportive care, and updated guidelines of FLT among incident HL patients with and without frontline failure (FLF) during and following FLT.
Patients and methods

Data source
This retrospective longitudinal cohort study used administrative medical and pharmacy claims data derived from the MarketScan ® Commercial Claims and Encounters (Commercial) and Medicare Supplemental (Medicare) databases, which include complete longitudinal records of inpatient services, outpatient services, long-term care, and prescription drug claims from >40 million employees and dependents annually, covered under a variety of health benefit plans, and is well documented. 13 All patients with a qualifying HL diagnosis were required to have continuous medical and pharmacy benefits for at least 6 months prior to the HL diagnosis date (pre-diagnosis period), no primary cancer types other than HL during the pre-diagnosis period, and a medical or pharmacy claim showing evidence of FLT treatment initiation following the HL diagnosis date (FLT regimens were defined using the first 90 days following treatment initiation).
Cohort identification
HL patients were stratified into either the FLF cohort or non-FLF cohort following HL diagnosis to evaluate study outcomes. Patients were defined as failing FLT if they had at least one of the following events measurable in administrative claims that were indicative of failure: 1) initiate a new chemotherapy regimen after discontinuation of all frontline chemotherapy (have a gap of at least 60 days with no chemotherapy); 2) switch to a new chemotherapy regimen prior to discontinuing frontline chemotherapy (do not have a gap of at least 60 days with no chemotherapy); or 3) an SCT anytime following the start of FLT. The index date was designated as the earliest date of a failure event for the FLF cohort. The index date was randomly assigned for the non-FLF cohort based on the distribution of time (in days) between the start of FLT and the designated index date for the FLF cohort. All patients were further required to have at least 30 days of continuous health plan coverage with medical and pharmacy benefits after the index date and were followed until the earlier of disenrollment, evidence of death, or end of the study period (September 30, 2015) . To validate the robustness of study findings, a subcohort of patients with FLF who were also identified by initiation of radiation therapy (RT) following chemotherapy discontinuation (FLF w/RT cohort), a broader definition of failure, were identified for a sensitivity analysis (Figure 1 ). 15 
study outcomes
Analyses conducted for the FLF cohort and the non-FLF cohort included evaluation and comparison of HRU, health care costs, and supportive care. All-cause HRU and costs were reported by type of service (inpatient, outpatient [emergency room, physician office visits, laboratory tests, radiology exams, others], pharmaceutical, and total) and were measured per patient per month (PPPM) from point of failure to end of follow-up, PPPM during a line of therapy (frontline, second line, and third line), and annually (for patients with at least 12 months of follow-up available). Cost projections beyond the study follow-up period were estimated using the average cost after each line of therapy and projected forward for 5 years post index. PPPM costs of FN and pulmonary event (PE)-related inpatient admissions during follow-up were also reported. Health care costs were based on total paid amounts of adjudicated claims and expressed in 2015 US constant dollars ($), adjusted using the medical care component of the Consumer Price Index (CPI).
Second-line therapy was defined as any HL treatment (including rituximab) that was initiated after the end of FLT and ended the same way FLT ended (switch, discontinuation, transplant, or end of follow-up). Third-line therapy was defined the same way as second-line therapy but initiated after the end of second-line therapy.
Supportive care treatment was measured during the 6 months prior to index date (antiemetics, steroids, antibiotics, antivirals, anemia treatments [blood transfusion]). Supportive care treatment with G-CSF was measured during the entire duration of FLT, during the first cycle (first 60 days of FLT), and following the completion of the first cycle (day 61 to the end of FLT). Patient demographic characteristics were measured at the index date and included age, gender, geographic region, and insurance plan type. Clinical characteristics measured during the 6 months prior to index date included selected comorbidities (including asthma and cardiovascular disease), evidence of PET scans, RT, and the Deyo-Charlson Comorbidity Index (DCI) as a measure of general health status.
statistical analyses
Univariate and bivariate descriptive analyses were performed, and comparisons between the FLF and non-FLF cohorts were conducted. Categorical variables were presented as the count and percent of patients in each category with chi-square or submit your manuscript | www.dovepress.com
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Fisher's exact tests used to evaluate the statistical significance of differences between the two groups. Continuous variables were summarized with mean (using Student's t-tests) and SD values. Differences were considered as significant if the P-value was <0.05. All data analyses were conducted using SAS version 9.4 (SAS Inc., Cary, NC, USA).
Results
The total study population included 795 HL patients who met all eligibility criteria. Of these 77 (9.7%) patients were identified with FLF, 193 (24.3%) with FLF w/RT, and 602 (75.7%) without FLF ( Figure 1 ). The prevalence of an SCT was low, as only 39% of patients in the FLF cohort and 16% in the FLF w/RT cohort had an SCT during the study. The most common FLT regimen was ABVD (77.6% of all patients), followed by other non-bleomycin three drug regimens (9.7%) and other bleomycin containing regimens (9.1%; Figure S1 ). The commonly observed non-bleomycin three drug regimens were 1) AVD (48.1%); 2) doxorubicin, gemcitabine, and vinorelbine (18.2%); 3) cyclophosphamide, doxorubicin, and vincristine (9.1%); and 4) etoposide, carboplatin, and ifosfamide (6.5%). Among ABVD patients, 84.8% continued with ABVD through the end of FLT and 14.4% were switched to AVD during the last 60 days of frontline.
Mean age of HL patients was 38.5 years (SD=15.3 years), 47.5% were female, and average baseline DCI score was 2.9 (SD=1.9). There were no notable baseline differences between the FLF and non-FLF cohorts. The FLF cohort 
Notes:
The figure describes the number of patients who met each inclusion criteria to be included in this study. *At least three chemotherapy agents indicated for HL OR at least two chemotherapy agents indicated for hl with concomitant radiation or steroid therapy. hl indicated treatments included bleomycin, bendamustine, brentuximab vedotin, carboplatin, carmustine, cisplatin, cyclophosphamide, dacarbazine, doxorubicin, epirubicin, etoposide, everolimus, gemcitabine, cytarabine, ifosfamide, lenalidomide, lomustine, mechlorethamine, melphalan, mitoxantrone, nivolumab, oxaliplatin, pembrolizumab, procarbazine, vinblastine, vincristine, vinorelbine, chlorambucil. **Designated as the earliest date of failure for FlF cohort or randomly assigned based on the distribution of days between start of front-line therapy and FlF index date for the non-FlF cohort. Abbreviations: FlF, frontline failure; hl, hodgkin lymphoma; RT, radiation therapy; sCT, stem cell transplant. The FLF w/RT cohort (n=193) had similar characteristics as the FLF cohort (n=77), and any observed differences between the non-FLF and FLF w/RT (n=193) cohorts were consistent as between the non-FLF and FLF cohorts ( Table 1) .
supportive care
Supportive care use was similar for patients in the FLF and non-FLF cohorts. The most common types of baseline supportive care were antiemetics (94.2%), antibiotics (69.3%), and steroids (85.2%). Across all patients, 49.6% had baseline G-CSF treatment, and a significant difference was observed between FLF and non-FLF cohorts (61.0% vs 48.2%, P<0.05). Across all HL patients, 53.0% had G-CSF treatment at any point during the FLT, and 49.3% were treated during the first cycle (first 60 days) with no significant differences between FLF and non-FLF cohorts. Pegfilgrastim was the G-CSF of choice for a majority of patients during FLT.
FN was observed in 10% of patients, and only 15.2% of them had a FN-related hospitalization. Compared to the non-FLF cohort, the FLF cohort had a larger proportion of patients with FN (16.9% vs 10.0%) and an FN-related hospitalization (38.5% vs 10.0%, P<0.001). Only 24.4% of patients with a bleomycin containing regimen had a PE. Of those with a PE, 19.8% had a PE-related hospitalization (Table 2) .
health care costs during FlT
Patients with FLF (n=77) had significantly higher costs measured PPPM during FLT compared with patients without FLF ($29,040 vs $16,396; P<0.05). Cost in both FLF and non-FLF cohorts was driven by outpatient services (62% and 83.1%, respectively) and inpatient admissions (32.2% and 11.9%, respectively). Among FLF patients who moved to a second line (n=62) and a third line (n=13), costs were $17,242 higher in the second line and $15,712 higher in the third line compared with frontline and were driven by both inpatient admissions and outpatient services (Figure 2 ). Laboratory and radiology services and other outpatient services (includes chemotherapy) were the cost drivers of outpatient cost during FLT. These results did not change when measured among those in the FLF w/RT cohort (n=193; Figure S2 ).
hRU and costs measured from the point of failure
Significantly higher utilization and cost were observed in the FLF (n=77) cohort compared to those in the non-FLF cohort. A larger proportion of patients in the FLF (vs non-FLF) cohort had an inpatient admission (66.2% vs 17.4%, P<0.001), laboratory and radiology service (100.0% vs 93.4%, P<0.05), other outpatient service (100.0% vs 93.2%, P<0.05), and pharmacy prescription (90.9% vs 82.7%, P>0.05). Consistent with any utilization of health care services, the FLF (vs non-FLF) cohort had a higher average number of PPPM laboratory and radiology services (Figures 3 and 4) . PPPM median costs were also markedly higher in the FLF cohort ($13,378) compared to those in the non-FLF cohort ($3,181). Annual and PPPM cost drivers were inpatient admissions, laboratory and radiology services, and other outpatient services for both the non-FLF and FLF cohorts. The FLF w/RT cohort had similar results as the FLF cohort with a consistently higher utilization of health care services and higher health care expenditures than the non-FLF cohort during follow-up (PPPM utilization and cost) and annually (12-month cost).
The mean total health care costs measured PPPM from the point of failure was highest for patients who failed FLT by transitioning to a new chemotherapy regimen with or without RT after discontinuation ($22,571), followed by switching to a new chemotherapy regimen during FLT prior to discontinuation ($19,809), SCT procedure ($15,769), and newly initiating RT alone after discontinuation of FLT ($6,377; Figure 5 ).
All HL patients incurred $8,779 PPPM, and ABVD patients incurred $7,268 PPPM, which correlates to the proportion of the population that had ABVD as FLT ( Figure S3 ).
Projected total health care costs among the entire FLF cohort are substantial over longer periods of follow-up due to treatment-related costs and higher average costs after or between treatments. As a majority of FLF patients had a second line of therapy (80.5%), long-term cost was projected for this cohort by summing the total on-treatment costs and applying average off-treatment costs to remainder of the follow-up period. FLF patients with at least two lines of treatment are projected to incur at least $535,846 in health care costs over 5 years.
Discussion
This study is one of the first to assess total cost of care, HRU, and best supportive care for HL patients and demonstrates the significant economic burden associated with FLF using real-world data. This is also the first study to describe costs for a cohort of patients with FLF during multiple time periods (PPPM during follow-up, annually, and projected cumulative costs over time).
Results from this analysis found that some form of supportive care was used by most HL patients treated with FLT and the proportion was similar for patients with and without FLF. It was also found that HL patients with FLF represent a substantially higher economic burden across all time periods measured compared with those without evidence of failure. The higher economic burden of FLF should be taken within context of key differences in patient characteristics between the non-FLF and FLF cohorts. The FLF cohort had a significantly larger proportion of patients with underlying comorbid conditions and a significantly smaller proportion of patients with radiation treatment during frontline (FL) therapy. Although these differences predispose the FLF cohort to have a higher cost (higher comorbidity burden and more expensive treatment), there was no difference in the Charlson Comorbidity Index, and FLF patients not receiving further treatment 
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Cost and health resource use among hl patients still incurred higher costs than non-FLF patients, indicating there are likely other reasons for the higher economic burden in the FLF cohort. Increased HRU for all medical services (inpatient and outpatient) were the drivers of increased total costs among the FLF cohort (vs non-FLF). Prior studies have shown that patients with HL and other hematological malignancies have high utilization of health care resources and substantial costs although they do not differentiate between patients with and without FLF. [16] [17] [18] [19] [20] A study in the UK reported the average post-failure (due to transplant) cost was £32,264 over an average of 627 days post failure (~£1,544 PPPM) for those with only chemotherapy as treatment post failure. 20 Although our study reports a higher cost, accounting for potential conversion rates, than the UK study, it should be noted that the UK study calculated cost differently and was in a more restricted population. 20 A more recent study among failure patients was done among commercially insured US patients. 13 The average length of FL therapy in the current analysis was 126.5 days, and the average length of follow-up after FLF was 394.8 days, which is shorter than the full follow-up time reported in the most recent study by Szabo et al 13 (498 days), although the minimum follow-up requirement was 6 months compared with only 30 days in the current analysis. The median PPPM cost reported in this study ($13,378 ) is lower than reported by Szabo et al 13 ($21,980) , which is likely due to a shorter follow-up time and a more restrictive population that required everyone to be on BV and have an SCT. 13 The PPPM costs by line of therapy (frontline, second line, third line) in the current analysis are consistent with those of prior literature, depicting an increase in costs from line one to line two and a decrease from line two to line three. 12, 21 The higher cost in the second-line therapy is likely due to the higher prevalence of SCT during secondline therapy (first salvage therapy) compared to first-line and third-line (second salvage therapies) therapies. As the cost of SCT was not directly measured in this current study, further research is needed to determine if SCT is the cause for the higher cost of second-line therapy. There are key differences between the prior analyses and the current study, which include differing patient selection criteria (inclusion of Hodgkin paragranuloma etc vs exclusion, prevalent vs incident patients), identifying lines of therapy (only NCCN indicated vs all potential lines except rituximab), line of therapy regimen identification window (within 30 days vs within 90 days), and line of therapy end due to discontinuation gap (30 days of no therapy vs 60 days of no therapy). Health care cost measured PPPM during follow-up in both the current analysis and prior research by Szabo et al 13 were driven by non-pharmacy medical costs (inpatient and outpatient).
To test the robustness of our results, a sensitivity analysis was conducted using a subset of the HL cohort that also failed by initiating radiation following FLT discontinuation. Although costs in this subset were lower than those in the FLF cohort (n=77), they were still significantly higher (PPPM during follow-up and line of therapy and annually) than those in the non-FLF cohort. As line of therapy costs did not change in addition to continued significantly higher cost over follow-up and annually, the sensitivity results reinforce that cost of FLF in HL patients is substantial regardless of subsequent treatment modality. These results further suggest that aiming to prevent treatment failure by optimal HL management through use of supportive and ancillary care to enhance disease management may increase treatment effectiveness and reduce economic burden. This study has certain general limitations that are associated with claims-based observational studies. This study was limited to only those individuals with commercial health coverage or private Medicare supplemental coverage; therefore, results may not be generalizable to patients with other insurance or without health insurance coverage. As with other retrospective claims database analyses, these data are collected for facilitating payment for medical services and lack clinical specificity (ie, stage of cancer) found in medical records; thereby, data are subject to coding limitations and data entry error that may create the potential for misclassification errors. Costs reported are specific to the payers included in the database and reflect the paid amounts of adjudicated claims to individual hospitals and providers, and other costs (ie, indirect cost of short-term disability) were not included; therefore, this is an underestimate of the overall burden.
Conclusion
HL patients who failed frontline chemotherapy utilized substantially more health care resources and incurred substantially higher economic burden compared to those without FLF, not accounting for stage at diagnosis. The projected economic impact of FLF (>$535k per HL relapse within 5 years) represents a significant economic and disease burden for the health care system and patients who are not cured after initial FLT. This represents a current estimate of the economic burden of FLF in HL, but further research will be needed to evaluate emerging regimens in first-line and salvage settings and pinpoint reasons that FLF patients incur a higher economic burden. 
